Sexual reproduction can promote genetic diversity in eukaryotes, and yet many pathogenic fungi have been labeled as obligate asexual species. It is becoming increasingly clear, however, that cryptic sexual programs may exist in some species, and that efficient mating requires the necessary developmental switch to be triggered. In this study we investigate Candida tropicalis, an important human fungal pathogen that has been reported to be asexual. Significantly, we demonstrate that C. tropicalis uses a phenotypic switch to regulate a cryptic program of sexual mating. Thus, diploid a and α cells must undergo a developmental transition to the mating-competent form, and only then does efficient cell-cell conjugation take place resulting in the formation of stable a/α tetraploids. We show that both the phenotypic switch and sexual mating depend on the conserved transcriptional regulator Wor1, which is regulated by temperature in other fungal species. In contrast, C. tropicalis mating occurs efficiently at both 25°C and 37°C, suggesting that it could occur in the mammalian host and have direct consequences for the outcome of an infection. Transcriptional profiling further reveals that ≈400 genes are differentially expressed between the two phenotypic states, including the regulatory factor Wor1. Taken together, our results demonstrate that C. tropicalis has a unique sexual program, and that entry to this program is controlled via a Wor1-mediated, metastable switch. These observations have direct implications for the regulation and evolution of cryptic sexual programs in related fungal pathogens.
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epigenetic | recombination | bistability T he prevalence of sexual reproduction among eukaryotic organisms indicates that sex brings significant benefits despite the costs associated with the sexual lifestyle (1, 2) . Benefits include increased rates of recombination and accelerated adaptation, which may be particularly advantageous during exposure to hostile environments (3, 4) . Sexual reproduction may also help organisms maintain a fitness advantage against coevolving pathogens, a tenet of the Red Queen hypothesis (5) . In this model, sexual outcrossing is necessary if an organism is to generate sufficient genetic variation to outpace infectious agents. Recent experiments have provided support for this hypothesis, because populations of Caenorhabditis elegans are better suited to survive bacterial infection if able to undergo sexual outbreeding (6, 7) .
Many fungal species have also been investigated for their ability to undergo sexual reproduction, and the yeast Saccharomyces cerevisiae has served as an excellent model system for studies into sexual development. Fungal sex in this hemiascomycete species is regulated by genes encoded at the mating-type (MAT) locus. MATa-containing cells are able to mate with MATα-containing cells to generate MATa/α mating products. MATa/α cells are unable to mate but are competent to undergo meiosis under conditions of nutrient starvation. Transcription factors encoded at the MAT locus regulate the characteristics of the three cell types, a, α, and a/α, that together define the sexual program of S. cerevisiae and many related fungi (8, 9) .
Genome sequencing has revealed the presence of mating-typelike (MTL) loci in other hemiascomycete species, including those with apparently obligate asexual lifestyles (10, 11) . For example, Candida species were originally classified as yeasts that propagate by asexual budding and form hyphae or pseudohyphae, yet lack sexual cycles and ascospore production (12) . The Candida genus is now recognized as containing a large number (>150) of diverse species because of its broad classification (12) . Many Candida species are medically relevant, and together represent the most common cause of opportunistic fungal infections in humans (13) . Although complete sexual cycles have been described for several Candida species, the most prevalent human pathogens either lack sexual mating or have restricted sexual cycles, which may indicate that limiting sexual reproduction can benefit fungal pathogenesis (14) (15) (16) . In particular, rare sexual reproduction could allow propagation of a well-adapted clonal lineage in the host, while retaining the ability to undergo sexual recombination in response to stressful environments. Further understanding of the lifestyles of pathogenic fungi is therefore important for establishing how mating and virulence have evolved in these species.
The Candida species most commonly encountered in the clinic are Candida albicans, Candida tropicalis, Candida parapsilosis, and Candida glabrata, which together are responsible for >85% of invasive infections (13) . Strikingly, of these species, only C. albicans has been shown to undergo sexual mating (17, 18) , and entry to the sexual program is regulated by a unique phenotypic switch (19) . Thus, C. albicans a and α cells must undergo a heritable switch from the white form to the opaque form to be mating competent. The phenotypic switch is regulated by the Wor1 transcription factor, because high expression of this factor is necessary and sufficient for formation of the opaque state (20) (21) (22) (23) . Homologs of Wor1 are found across the entire fungal lineage (24) , although the white-opaque switch is thought to be unique to C. albicans (and its sister species C. dubliniensis), and has not been described in any other hemiascomycete species (25) (26) (27) . In contrast to C. albicans, sexual mating has never been observed in C. tropicalis, C. parapsilosis, or C. glabrata, despite extensive efforts to find laboratory conditions conducive to mating (28) (29) (30) (31) (32) . Sequence analysis reveals that "asexual" Candida species contain MAT/MTL loci resembling those of sexual species, and they encode many of the genes necessary for mating and meiosis (10, 11, 31) . It is therefore an open question whether these species have lost the ability to undergo sex or whether the developmental signals necessary for mating have yet to be uncovered (28, 33) .
In this study, we address the potential for diploid C. tropicalis strains to undergo a cryptic sexual program. Surprisingly, our experiments reveal that C. tropicalis exhibits a unique form of white-opaque phenotypic switching, and that this switch regulates an extant program of sexual reproduction. Thus, only cells in the opaque state undergo efficient cell-cell conjugation. Mating occurs efficiently at 37°C, making it likely that sexual recombination can occur during colonization and infection of the mammalian host. We further show that the phenotypic switch in C. tropicalis is regulated by the conserved transcription factor, Wor1. However, transcriptional regulation of the C. tropicalis phenotypic switch shows fundamental differences to that of the white-opaque switch in C. albicans, which may account for the distinct switching characteristics of the two species. We discuss these findings as they reveal the regulation of the hitherto undiscovered sexual program in C. tropicalis and propose that cryptic sexual cycles remain to be discovered in related Candida pathogens.
Results
Identification of a Phenotypic Switch in C. tropicalis. To address the potential for sexual mating in C. tropicalis, we first generated isogenic MTLa and MTLα strains from the diploid a/α parental strain ATCC34139 (Materials and Methods). Mixing of a and α cells on a variety of media did not, however, result in either the formation of polarized mating projections or mating zygotes, as typically seen during mating of many hemiascomycete species (Fig. S1 ). We subsequently examined whether C. tropicalis a and α strains may undergo phenotypic switching, in which there is a heritable change either in the cell or colony phenotype. A phenotypic switch between white and opaque states was shown to regulate the sexual program in C. albicans, because efficient cell-cell conjugation depends on cells being in the opaque state in this species (19, 34) .
C. tropicalis strains were analyzed under a variety of in vitro culture conditions and occasional sectoring of colonies was observed, indicative of phenotypic switching (Fig. 1A) . Cells from sectored colonies were restreaked and found to represent a stable, heritable state distinct from that of the parental cells. Analysis of cells from the two phenotypic states also revealed differences at the cellular level. Cells from the lighter-colored parental colonies appeared round and had a smooth cell surface, whereas cells from the darker-colored colonies were elongated and exhibited a spotted cell surface ( Fig. 1 B-E and Fig. S2 ). Cells in both states appeared to be metastable; cell types were heritable for multiple generations, with stochastic switching observed between states. On average, we observed white-to-opaque switching at a frequency of ≈0.3% in a strains and ≈1% in α strains, whereas no white-opaque switching was seen in the a/α parental strain. Because of the superficial similarities between the C. tropicalis phenotypes and those previously described in C. albicans, we have termed the light and dark states of C. tropicalis white and opaque, respectively. It should be noted, however, that several characteristic features of C. albicans opaque cells are not seen in C. tropicalis, such as red staining with the chemical phloxine B (35) (Fig. S3 ) and switching of opaque cells en masse to white cells at 37°C (36, 37) (Fig. 1F) .
Mating in C. tropicalis. To test for C. tropicalis mating in both the white and opaque states, we constructed auxotrophic a and α strains defective in histidine (Δhis1/Δhis1) or arginine (Δarg4/ Δarg4) metabolism. Successful mating events could subsequently be monitored by selection for His + Arg + prototrophs. As shown in Fig. 2A , mating between a and α cells was observed by using both white and opaque forms of the species, but the frequency of mating increased >100-fold when both partners were in the opaque form. When white cells were mated with opaque cells, the mating efficiency was intermediate to that of white-white and opaque-opaque crosses ( Fig. 2A) . These results indicate that mating is most efficient when cells are in the opaque state in both mating types. Same-sex mating was not detected between different auxotrophic strains, indicating that mating takes place specifically between a and α partners. Surprisingly, mating in C. tropicalis was also highly efficient at 37°C, whereas the instability of C. albicans opaque cells prevents mating at this temperature in vitro (Fig. 2B) . PCR analysis of the MTL locus confirmed that a/α cells were generated from a and α parental strains (Fig. 2C ). In addition, DAPI (4′,6′-diamidino-2-phenylindole) staining and flow cytometry indicated that the majority of mating products were mononuclear, tetraploid cells ( Fig. 2D and Fig. S4 ).
Genetic analysis of C. tropicalis mating was used to address the specificity of cell-cell conjugation. In hemiascomycete yeast, STE2 encodes the receptor for α pheromone, whereas STE3 encodes the receptor for a pheromone (38) . Loss of STE2 therefore prevents mating of a cells, whereas loss of STE3 prevents mating of α cells. Gene deletions of STE2 or STE3 were generated in auxotrophic C. tropicalis strains and subsequently tested for the ability to undergo mating. Deletion of STE2 in a cells or STE3 in α cells resulted in a complete block in C. tropicalis mating, whereas reintegration of the deleted gene successfully restored mating competency (Fig. 2E) . These results confirm that a/α cells are products of cell-cell conjugation and that mating depends on the canonical pheromone signaling pathways conserved among hemiascomycetes.
Cell Biology of Mating in C. tropicalis. To visualize the process of mating in C. tropicalis, we used several complementary microscopy techniques. First, the two mating types were differentially labeled with FITC-ConA and Rhodamine-ConA, which labels the cell walls of Candida cells green and red, respectively (39) . Labeled cells were then coincubated on Spider medium to induce mating and subsequently analyzed for cell-cell conjugants. Within several hours of coincubation, mixtures of opaque a and α cells showed polarized projections, indicative of cell "shmooing" in response to pheromone. In addition, mating zygotes were readily observed, in which a and α cells had fused and daughter cells started to bud from the center of the fusant cell (Fig. 3A) . Similar experiments using white a and α cells showed only rare fusant cells, confirming that opaque cells are necessary for efficient cell-cell conjugation.
The process of nuclear fusion (karyogamy) during C. tropicalis mating was examined by generating strains with fluorescently labeled nuclei. Histone proteins fused to GFP or mCherry demonstrated that nuclei from opaque a and α cells had undergone fusion within a subset of mating zygotes, as revealed by the presence of a single nucleus showing red/green fluorescence (Fig. 3B) . In addition, scanning electron micrographs of zygote cells were taken that provide high resolution images of mating cells (Fig. 3C and Fig.  S2 ). Taken together, these experiments demonstrate that even in the absence of genetic selection, mating between opaque a and α cells leads to the formation of mononuclear, tetraploid C. tropicalis mating products.
Analysis of the C. tropicalis White-Opaque Switch. To compare the transcriptional profiles of C. tropicalis white and opaque cells, custom microarrays were hybridized with cDNA derived from both cell states. These experiments revealed that distinct sets of genes are expressed in the two phenotypic states, with 250 genes upregulated in white cells and 146 genes up-regulated in opaque cells (Fig. 4A and Tables S4 and S5) . Comparison with C. albicans white-opaque cell types (37, (40) (41) (42) (43) revealed that most phasespecific genes were species-specific. Thus, of the 134 opaquespecific genes in C. tropicalis that have homologs in C. albicans, only 25 (19%) were opaque-specific in both species. In fact, 15 genes that were expressed in the opaque state in C. tropicalis were white-specific genes in C. albicans. Conversely, 218 of the C. tropicalis white genes have C. albicans counterparts, and of these, 62 (28%) were white-specific in C. albicans (Fig. 4C and SI Results) . Again, a number of genes were expressed in the opposite cell type in the other species, because 31 white-specific genes in C. tropicalis were opaque-specific in C. albicans. Despite apparent large-scale differences in gene expression, analysis of white-and opaquespecific genes in C. tropicalis and C. albicans indicated that there was a statistically significant overlap of phase-specific genes between the two species (SI Results).
C. tropicalis Wor1 Regulates Phenotypic Switching and Mating. One notable gene found to be up-regulated in opaque cells of both C. tropicalis and C. albicans was WOR1. WOR1 is the master regulator of the white-opaque phenotypic switch in C. albicans, and its expression is both necessary and sufficient for formation of the opaque state (20) (21) (22) (23) . Expression of WOR1 is low in C. albicans white cells but is high in opaque cells. We show here that C. tropicalis WOR1 is also preferentially expressed (more than fivefold) in the opaque form (Fig. 4A) . Up-regulation of the WOR1 gene in C. tropicalis opaque cells was verified by using RT-PCR (Fig. 4B) . To analyze the potential role of Wor1 in C. tropicalis switching, WOR1 was deleted in a and α strain backgrounds. Significantly, no detectable switching to the opaque form was observed in Δwor1/ Δwor1 strains, indicating that Wor1 function is critical for promoting opaque cell formation in both C. tropicalis and C. albicans.
The role of WOR1 in regulating C. tropicalis mating was investigated by deletion of the WOR1 gene in auxotrophic a and α strain backgrounds. Strikingly, crossing of these strains revealed that mating was essentially abolished between Δwor1 a and Δwor1 α cells (limit of detection <10
−7
). Mating between a Δwor1 white strain and a wild-type white strain was also extremely low (in the range of 10 −5 to 10
−6
). Reintroduction of the WOR1 gene into Δwor1 strains restored mating ability, because WOR1 comple- versions of auxotrophic strains were coincubated on Spider medium for 1 d, and cells subsequently were plated on selective media to determine the efficiency of mating. Data shows mating between a/a (CAY1503 or CAY1504) and α/α (CAY1505) strains. The difference in mating frequency between white-white and opaque-opaque crosses, as well as that between whiteopaque and opaque-opaque crosses, was significant when analyzed with a two-tailed t test (P < 0.01). (B) Mating of C. tropicalis and C. albicans opaque cells at room temperature and 37°C. Mating mixes were incubated on Spider medium for 1 d and plated to selective media to determine the mating frequency. C. albicans strains used were RBY1119 and RBY1179 (65) mented strains mated with wild-type opaque strains at 2.7% efficiency, confirming the key role of this gene in mating. These results establish that deletion of WOR1 eliminates even the low frequency mating exhibited by white cells. Two models could account for this result. First, WOR1 is required for white cells to switch to opaque, and these switched cells then undergo mating. Alternatively, Wor1 expression in white cells could be directly relevant for the appreciable mating seen in these cell types.
Wor1 regulation of the C. albicans white-opaque switch involves interlocking transcriptional feedback loops with three additional factors, Czf1, Wor2, and Efg1. Czf1 and Wor2 promote formation of the opaque state, whereas Efg1 promotes formation of the white state (23) . Surprisingly, expression of C. tropicalis CZF1 and WOR2 did not change significantly between white and opaque cells. In addition, the EFG1 gene is absent from C. tropicalis, and expression levels of a related APSES transcription factor, EFH1 (44), were similar between white and opaque forms. In C. albicans, the Mcm1-Ahr1 complex also regulates the white-opaque switch, yet the motif recognized by this complex is absent from other Candida species including C. tropicalis (27, 45, 46) . Taken together, these findings establish that the transcriptional circuitry regulating the phenotypic switch in C. tropicalis is fundamentally distinct from that regulating the white-opaque switch in C. albicans.
Discussion
In this paper, we demonstrate that C. tropicalis, one of the most prevalent human fungal pathogens, has a hitherto unrecognized sexual program, and that sexual reproduction is regulated by a unique phenotypic switch. These findings provide additional support for the theory that many "asexual" fungal pathogens are actually sexual species when the appropriate conditions can be established. In the case of C. tropicalis, diploid MTLa and MTLα cells must undergo a developmental transition from the white form to the opaque form before efficient cell conjugation can take place. After the formation of mating zygotes, karyogamy can ensue between parental nuclei resulting in stable, mononuclear, tetraploid a/α cells. This discovery has important ramifications for the lifestyle of this pathogenic fungus, because it indicates that recombinant forms of the species can be generated via cell conjugation. C. tropicalis mating is efficient even at 37°C, making it likely that strains can undergo sexual exchange during colonization and infection of the mammalian host. In support of mating in natural populations, an analysis of clinical isolates has revealed that the population structure of C. tropicalis is consistent with it being a sexually active species (47) . The discovery of sexual reproduction is significant, because mating could potentially result in recombinant strains with increased virulence. This phenomenon has been reported in other human fungal pathogens such as Cryptococcus gattii, which is responsible for an ongoing outbreak in the Pacific Northwest of the United States and Canada (48) (49) (50) .
The discovery that a phenotypic switch regulates C. tropicalis mating indicates that this mechanism is used to control sexual reproduction in multiple pathogenic Candida species. Previous studies established that C. albicans, the most common human fungal pathogen, undergoes a cryptic sexual program that is controlled by a white-opaque phenotypic switch (19) . In this system, only cells in the opaque state are competent for efficient mating. It was originally thought that this switch was unique to C. albicans (and its closely related sister species C. dubliniensis), in part because a similar switch had not been observed in any other hemiascomycete yeast (26) . The results described here now require revision of this model, because they indicate that a white-opaque switch also exists in C. tropicalis and, likewise, acts to regulate the program of sexual reproduction.
Despite physical similarities between white-opaque switching in C. albicans and C. tropicalis, transcriptional regulation of the switch is significantly different in the two lineages. For example, whiteopaque switching in C. albicans is regulated by the Mcm1-Ahr1 complex, yet the motif recognized by this complex is absent from species other than C. albicans/C. dubliniensis (22, 46, 47) . In addition, the Efg1 transcription factor that is essential for formation of white cells in C. albicans, and is conserved in most hemiascomycete yeast, has been lost from the C. tropicalis genome (10) . Although the current data does not allow us to formally distinguish between a model for convergent or divergent evolution of the white-opaque switch in C. albicans and C. tropicalis, our data are consistent with the ancestor of these species evolving a WOR1-regulated switch, which has undergone transcriptional rewiring events since these two species diverged. Further analysis now is required to fully define how the white-opaque switching mechanisms evolved and the means by which they regulate sexual reproduction.
The most notable aspect of white-opaque switching shared between C. tropicalis and C. albicans is regulation by Wor1. Wor1 is the master regulator of white-opaque switching in C. albicans, and its expression is both necessary and sufficient for formation of the opaque state (20) (21) (22) (23) . Interestingly, Wor1 is also recognized as being the founding member of a family of DNA binding proteins that are conserved across the fungal lineage and serve as key regulators of developmental transitions (24) . Wor1 orthologs have been studied in distantly related fungi including Histoplasma capsulatum, where the Ryp1 protein regulates a morphologic switch (51, 52) , and Fusarium oxysporum, where Sge1 is necessary for parasitic growth in the plant (53) . Curiously, C. albicans Wor1 and H. capsulatum Ryp1 are associated with temperature-induced changes in cell fate. In the case of C. albicans, opaque cells are unstable at 37°C, because Wor1 expression is compromised and cells rapidly convert en masse to the white state (36, 37) . In contrast, C. tropicalis opaque cells are stable at 37°C, thereby allowing efficient mating at the body temperature of the mammalian host. Differences in the transcriptional regulation of the switch may account, at least in part, for the differential stability of the opaque states in C. albicans and C. tropicalis. Deletion of Ahr1 (also called Zcf37) in C. albicans increased the temperature stability of opaque cells (46) , and it is therefore possible that the loss of this regulatory factor in C. tropicalis contributes to the increased thermal stability of the opaque state in this species.
Although several studies have begun to dissect the mechanism of phenotypic switching, it remains an open question as to the precise role of this switch in Candida biology (54) (55) (56) . One hypothesis is that white and opaque cells evolved differential responses to pheromone to promote mating in the host. This model is based on the observation that whereas C. albicans opaque cells are the mating-competent form, white cells can also respond to sexual pheromones resulting in biofilm formation (57, 58) . The resulting biofilm matrix allows stable pheromone gradients to be generated between opaque cells, thereby potentially enhancing mating in the host. Biofilms are also an important first step in medical deviceassociated infections, making an understanding of these processes important for fungal pathogenesis (59, 60) . The discovery of a white-opaque switch in C. tropicalis will now allow further testing of this model and will reveal whether biofilm formation is also regulated by pheromone signaling and white-opaque switching in this species.
Finally, it is becoming apparent that highly specialized sexual cycles are the norm rather than the exception for human fungal pathogens. Discovering the developmental signals necessary for activation of cryptic sexual programs is therefore a key goal for the field. The results presented here establish Wor1 as a critical regulator of sexual activity in Candida species, because Wor1 is required for phenotypic switching and sexual mating in both C. albicans and C. tropicalis. This result was particularly striking in C. tropicalis, where the loss of Wor1 further reduced the mating efficiency of white cells by several orders of magnitude. It will therefore be revealing to see whether engineered expression of Wor1 can promote mating in related asexual species such as C. parapsilosis (61), as we predict that cryptic sexual programs remain to be discovered in related human fungal pathogens.
Materials and Methods
A complete description of all materials and methods can be found in SI Materials and Methods.
Media and Strains. Media was prepared as described (62, 63) . Yeast extract peptone dextrose (YPD) plates containing 200 μg/mL nourseothricin was used for selection of strains that were resistant to nourseothricin (SAT R strains) (64) . Strains are listed in Table S1 .
Mating Assays. Quantitative mating analyses of C. tropicalis strains were performed essentially as described for C. albicans (19) . Briefly, His − and Arg − mating strains in the white or opaque phase were taken from plates and resuspended in water, and ≈2 × 10 7 cells of each strain mixed and pipetted onto 0.8-μm pore-size nitrocellulose filters. Filters were grown on the surface of Spider media for 1 d at room temperature. Cells were collected from the filters and plated at different dilutions onto His − Arg − media to select for mating products and onto His − and Arg − plates to monitor each parent population.
The limiting parent was used to calculate mating frequencies as follows: mating efficiency = conjugants/(limiting parent + conjugants) = the greater of (Arg . Cell ploidies were determined by flow cytometry as described (17) . PCR to determine mating type was performed by using primers 47/48 directed at MTLa2 and primers 49/50 directed at MTLα2.
RT-PCR. RNA was isolated from ≈2 × 10 8 cells plated onto Spider media for 4 h. Cells were removed from the media, and RNA was isolated by using the Fig. 4 . Transcriptional profiling of white and opaque genes in C. tropicalis. (A) Gene expression differences between C. tropicalis white and opaque cells. cDNA was prepared from white and opaque cells of RBY1504 (a/a) in four independent experiments and hybridized against a universal reference (cDNA from all eight samples). Up-regulated genes are shown in yellow, and down-regulated genes are shown in blue. A full list of phase-specific genes is shown in Tables S4 and S5. (B) RT-PCR showing expression of a white-specific gene (ADAEC) and an opaque-specific gene (WOR1). The FUS1 gene is only expressed only in mating mixes of opaque a and α cells (Bottom), and is a mating-specific gene in C. albicans and S. cerevisiae. (C) Comparison of white-specific and opaque-specific genes between C. tropicalis and C. albicans. Data for C. albicans was obtained from refs. 37 and 40-43. 
